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Abstract: The layered In4Se3 based material is recognized as a state-of-the-art n-type 
thermoelectric material for the middle temperature range of 500 K to 900 K. Despite 
excellent thermoelectric properties, its inferior mechanical properties restrict its 
commercial possibilities. In this work, we use Quantum Mechanics (density functional 
theory) to investigate the ideal strength and failure mechanisms of ideal and Se deficient 
In4Se3 under pure shear and biaxial shear loads. We found that the lowest ideal shear 
strength of ideal In4Se3 is 1.25 GPa along the (100)/<001> slip system. Slippage 
between the In/Se layer dominates its deformation and failure. With Se vacancies, the 
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2ideal strength of In4Se2.75 drops to 1.00 GPa while the failure mechanism remains 
almost the same as that of ideal In4Se3. Moreover, under biaxial shear loads (as in nano-
indentation experiments) the ideal strength of In4Se3 increases to 1.50 GPa, with 
compression now accounting for the failure. Even so, In4Se3 shows poorer mechanical 
properties under biaxial shear loads. These insights into the deformation and failure 
mechanism of In4Se3 compounds should help suggest designing modifications to 
improve mechanical properties.
Keywords: In4Se3; DFT; ideal shear strength; mechanical properties; failure 
mechanism.
1. Introduction
The diversification and efficient multi-level utilization of energy have become 
important to systematically solve the enormous energy and environmental problems 
facing humanity.1 In particular, thermoelectric (TE) conversion technology provides a 
key technology to support many modern industries due to its advantages of flexibility, 
diversity and reliability for providing green energy and environmentally-friendly 
refrigeration technology.2 The dimensionless thermoelectric figure of merit (ZT) 
provides an important criterion for judging the thermoelectric properties of TE 
materials. According to ZT = α2σT/κ, high-performance thermoelectric materials should 
have a high Seebeck coefficient α and a high electrical conductivity σ (α2σ is defined 
as “power factor”) but a low thermal conductivity κ. These three important parameters 
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3determining the thermoelectric properties of materials are closely related, so that 
increasing or decreasing one of the parameters often leads to deleterious variation in 
other parameters.3 This is the root cause of the difficulty in continuously improving the 
thermoelectric performance ZT. Consequently, the research in thermoelectric materials 
has focused on improving ZT, leading to development of successful material design 
theory and multi-scale structural regulation strategies for improved thermoelectric, such 
as band engineering,4-6 alloy solid solution,7, 8 phonon resonance scattering9, 10 and 
nanocomposites.11, 12 Despite this continuous development of improved ZT values, 
widespread industrial application of thermoelectric materials has not been realized. A 
main reason is the poor mechanical properties of thermoelectric materials.13 This makes 
the mechanical behavior and failure mechanisms of materials under static and dynamic 
loads a key issue in the development and application of TE materials. Macroscopic 
properties are affected by various scales, and the characteristics of materials are derived 
from the atomic configuration and microstructure of the materials. Therefore, 
understanding the microscopic physical nature of material mechanical behavior and the 
factors controlling the mechanical properties of materials are essential for developing 
robust TE materials.
Layered In4Se3 is a promising state-of-the-art n-type thermoelectric materials in 
the middle temperature range.14, 15 It has unique layer crystal structure that leads to 
strong electron-phonon coupling arising from charge density waves (CDW) and Peierls 
lattice distortion in the layer plane that break the lattice translational symmetry to 
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4enhance random disorder. This effectively increases the Seebeck coefficient while 
decreasing thermal conductivity.16, 17 Indeed, Rhyee et al. reported that In4Se3-x (x=0.65) 
crystal achieves a high ZT value of 1.48 in the b-c plane at 705 K.16 Unfortunately, the 
electrical conductivity of In4Se3-x crystals is much smaller than other classical TE 
materials. One approach to optimize electrical conductivity is to introduce Se vacancies 
to regulate the carrier concentration.18, 19 Thus, doping with various element can also 
enhance the ZT value of In4Se3.20-22 For example, doping with Cl into In4Se3-x single 
crystal has been used to optimize carrier concentration to enhanced the figure of merit 
over a wide temperature range, reaching a quite high ZT of 1.53 at 698 K.21 In order 
decrease costs, polycrystalline In4Se3 is attractive due to its isotropic, nature and 
relatively low cost.23-26 The Pb/Sn multiple-dopant polycrystalline In4Pb0.01Sn0.03Sn3 
showed a remarkable ZT value of 1.4, comparable to In4Se3 single crystal.25 Wu et al. 
reported that Se deficiency combined with CuI nano-doped In4Se3 polycrystalline 
obtains a ZT value 80% higher than undoped.26 Despite this series of research, making 
improvement in ZT, the mechanical properties of In4Se3 so important for practical 
application have not yet been studied. 
In this paper, we use density function theory (DFT) to examine the mechanical 
behavior of ideal and Se deficient In4Se3 under pure shear and bi-shear (shear and 
compression) loads. We find that the (100)/<001> slip system has the lowest ideal shear 
strength (1.25 GPa), which agrees well with experimental observations that layered 
In4Se3 cleaves along the (100) plane.27 During shear deformation, we find that the weak 
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5InSe van der Waals bond, connecting the In/Se layers, softens creating slippage that 
leads finally to the structure failure. Although Se deficient In4Se3 exhibits improved TE 
properties, the Se vacancy lower its mechanical properties. Thus, the ideal strength of 
In4Se2.75 drops to 1.00 GPa with a deformation and failure mechanism similar to In4Se3. 
Moreover, the In4Se3 failure process accelerates under bi-shear loads even though the 
ideal strength increases to 1.50 GPa. We find that compression accounts for a larger 
proportion of structural failure than shearing. This ideal strength of In4Se3 is better than 
other excellent layer TE materials, such as SnSe (0.59 GPa) and Bi2Te3 (0.19 GPa),28, 
29 but it is much lower than the other ionic and covalent TE materials, like Mg3Sb2 (1.95 
GPa),30 BiCuSeO (2.0 GPa),31 PbTe (3.46 GPa),32 CoSb3 (7.17 GPa),33 and TiNiSn 
(10.52 GPa).34 Thus for commercial applications of In4Se3, we still need to strengthen 
the mechanical properties.
2. Methodology
All relaxation and shear calculations were performed density function theory using 
the generalized gradient approximation (GGA) to include electronic exchange-
correlation with Perdew-Burke-Ernzerhof (PBE) functional. We used the projected 
augmented wave (PAW) method as implemented in the Vienna ab initio Simulation 
Package (VASP).35 The In4Se3 unit cell convergence test shows that the plane wave 
cutoff of 500 eV gives good convergence for the total energies. We set 1×10-6 eV 
energy difference and 1×10-2 eV/Å force as the convergence criteria for solving the 
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6electronic wave function and geometry optimization. In the k-point reciprocal space 
sampling, we adopted the gamma-centered Monkhorst-Pack scheme with a fine 
resolution of 2π×1/40 Å-1 in all DFT calculations. The fully relaxed In4Se3 unit cell 
parameter is a = 15.586 Å, b = 12.548 Å, c = 4.185 Å, which is only 1.90%, 1.94% and 
2.42% larger than the experimental value of a = 15.296 Å, b = 12.308 Å, c = 4.086 Å 
at room temperature.36
Consistent with dislocation theory we assume that shear stress is the driving force 
of dislocation motion. Thus, we studied the response of In4Se3 under shear loads. For 
all DFT shearing calculations, we obtained relaxed crystal structure by altering the 
lattice parameter in a certain direction with a gradient of 1% and fixing it, then 
optimizing the remaining 5 lattice parameters with the positions of all atoms. The 
detailed description is provided in our previous work.33, 37 We considered five slip 
systems for the shear calculations and the detailed information of supercells with 
redefined lattices are listed in Table 1. 
slip systems a, b, c directions supercell gamma k-point reciprocal space sampling
(100)/<001> (<001>, <0-10>, <100>) 4×1×1 (112 atoms) 5×5×5
(100)/<010> (<010>, <001>, <100>) 1×4×1 (112 atoms) 5×5×5
(010)/<001> (<001>, <100>, <010>) 4×1×1 (112 atoms) 5×5×5
(110)/<100> (<100>, <00-1>, <110>) 1×4×1 (112 atoms) 3×3×3
(-110)/<110> (<110>, <00-1>, <-110>) 1×1×1 (56 atoms) 3×10×3
Table 1. Calculated slip systems and detailed information
Page 6 of 28
ACS Paragon Plus Environment
ACS Applied Energy Materials
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
73. Results and Discussion
3.1 Crystal structure of In4Se3
Figure 1. Crystal structure of In4Se3. (Parallel view of the a-b plane. In atoms are Rose 
red spheres; Se atoms are green spheres.) 
Layered In4Se3 has an orthorhombic structure belonging to the Pnnm space group 
(No. 58).14 It contains four elementary units within the unit cell. For each elementary 
unit, there are seven independent coordinate atoms (4 In atoms and 3 Se atoms) at the 
4g Wyckoff sites as shown in Figure 1. The metallic quasi-one-dimensional (1D) 
In1In3 (In/In) chains covalent bonded with Se atoms to create [(In3)5+(Se3)6-]- zigzag 
clusters (In/Se pentagon frameworks). The [(In3)5+(Se3)6-]- clusters extend along b-c 
plane to form quasi-two-dimensional (2D) corrugated In/Se layers while In/Se layers 
are stacked along the a-axis direction through weak Van der Waals interaction. 
Furthermore, the In4 atoms sit between the layers to strengthen the layer-layer 
interaction by weak ionic bond. 
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83.2 Elastic properties of In4Se3
The elastic constants provide important characterizations of mechanical properties, 
indicating the ability of a material to retain its inherent shape and size under external 
forces. We calculated the elastic constants (C11, C12, C13, C22, C23, C33, C44, C55, C66) of 
both In4Se3 and In4Se2.75 since intrinsic Se deficiency exists in In4Se3 based materials. 
Using the Voigt-Reuss-Hill calculation method,38-40 we obtain the elasticity mechanical 
properties, such as bulk modulus B, shear modulus G, elastic modulus E, Poisson's ratio 
υ and toughness index B/G. The calculation results of In4Se2.75 in Table 2 are basically 
consistent with the experimental values, which validates the calculations. The small 
discrepancy between the calculated and experimental value for In4Se2.75 may be because 
the Se deficient ratio of In4Se3 cannot be determined exactly. Based on Frantsevich's 
criteria,41 when B/G is less than 2.67, the material always features brittle character. The 
B/G of In4Se3 is 1.61, suggesting it is a brittle material.
Methods C11 C12 C13 C22 C23 C33 C44 C55 C66 B G E υ B/G
PBE (In4Se3) 63.2 23.3 39.4 87.1 16.1 76.2 17.0 39.9 39.2 42.6 26.6 66.0 0.24 1.61
PBE (In4Se2.75) 57.6 22.8 34.8 79.5 14.4 65.1 13.9 34.4 27.5 38.5 21.9 55.3 0.26 1.75
Expt42 38.2 10.8 30.4 66.5 22.4 64.3 16.6 26.6 19.0 - - - - -
MD43 39.9 9.0 35.9 66.9 15.8 49.6 18.0 38.1 11.6 - - - - -
MD43 49.8 15.6 26.1 58.9 21.7 52.2 18.7 33.0 16.1 - - - - -
MD19 36.4 13.7 22.4 68.9 24.9 62.0 20.5 32.5 22.7 - - - - -
Table 2. Calculated independent elastic constants (C11, C12, C13, C22, C23, C33, C44, C55, 
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9C66) and other related elastic properties: bulk modulus (B), shear modulus (G), elastic 
modulus (E), Poisson’s ratio (υ), ductility index (B/G) of In4Se3 based materials and 
comparison with previous molecular calculations and experimental values. The unit of 
elastic constants and various moduli are GPa. MD indicates molecular dynamics 
simulation using a force field instead of Quantum Mechanics. PBE indicates QM (DFT).
3.3 Deformation and failure mechanism
3.3.1 Ideal shear strength of In4Se3. 
Figure 2. Calculated shear stress vs strain of In4Se3 for different shear directions. 
(100)/<001> has the lowest critical stress of 1.25 GPa and is the most ductile, returning 
to zero stress at 0.20 strain. (110)/<100> has the highest critical shear stress of 2.35 
GPa. 
Although elastic modulus and related theories are widely used in qualitative 
analysis of the mechanical properties of materials, these parameters (elastic modulus, 
shear modulus and young's modulus) are obtained within the elastic limit of a small 
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10
strain range. Thus, they cannot predict the mechanical properties of materials subjected 
to large strain accurately. Calculations of ideal strength and deformation mechanism 
provide the possibility to compute the mechanical properties of materials under the 
large strain. The ideal strength of a material can be obtained by a stress-strain 
relationship. Hence, we calculated the shear-stress response against shear strains along 
various slip systems for In4Se3 crystal, as shown in Figure 2. The stresses are 
proportional to the strains in all simulated systems at the initial stage. Shear in the 
(100)/<001> and (-110)/<110> slip system leads to a short yielding stage. The 
(100)/<001> slip system is much weaker than the other four in resisting external 
deformation, and the ideal shear strength, which is defined as the first maximum stress 
point, is found to be 1.25 GPa. The (010)/<001>, (100)/<010> and (110)/<100> slip 
systems show the similar resistance under the pure shear load. The (010)/<001> 
structure undergoes a structural rearrangement at the strain of 0.173, with shear stress 
releasing from 1.59 to 0.92 GPa. The (110)/<100> slip system has the largest ideal shear 
strength of 2.35 GPa. This is because the covalent InSe bond is much stronger than 
the van der Waals-like InSe bond. As a layered compound connected by van der Waals 
interactions, the ideal shear strength (1.25 GPa) of In4Se3 is much higher than the other 
high-performance layered TE materials such as SnSe (0.59 GPa) and Bi2Te3 (0.19 
GPa),28, 29 probably due to the stronger InSe interaction compared with SnSe 
interaction in SnSe and TeTe interaction in Bi2Te3.
3.3.2 Deformation mechanism of In4Se3 under shear loads. 
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11
Figure 3. The structural changes of In4Se3 crystal along the (100)/<001> slip system 
under pure shear loads: (a) the initial atomic configuration, (b) the atomic configuration 
corresponding to the maximum stresses (strain = 0.094), (c) atomic configuration at the 
point of slipping (strain 0.127), (d) the failed structure at 0.196 strain, (e) various bond 
lengths and bond angle as a function of shear strain. The front and back layers are 
distinguished by deep and light colors.
To understand the stress-strain curve analysis, we analyzed the deformation 
mechanism in terms of the internal chemical bonds and atomic configuration. To 
Page 11 of 28
ACS Paragon Plus Environment
ACS Applied Energy Materials
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
12
elucidate the failure mechanism of In4Se3, the typical structural patterns of In4Se3 
crystal along (100)/<001> slip system are shown in Figure 3a-3d. In the ideal structure 
(Fig. 3a), the atoms are evenly ordered and the In/Se layers overlap with each other in 
the a-c plane of the In4Se3 crystal. As the strain increases to 0.094, which corresponds 
to the maximum shear stress (1.25 GPa), the structure deforms uniformly to resist the 
external forces (Fig. 3b). As the strain increasing continuously to 0.127, the inter-layers 
distort and a slightly slippage occurs between the layers (Fig. 3c). When the strain 
reaches 0.196, the stress is released completely, with the atoms slipping from one 
equilibrium position to another (Fig. 3d). During the whole shearing process, the In/Se 
pentagon framework structure within the layers changes little while there is a significant 
slippage between the layers. This is because the van der Waals intra-layer interaction 
is much weak than the covalent inter-layer interactions. 
To further understand the deformation mechanism of the (100)/<001> slip system 
of In4Se3, we extract the critical intra-layer bond lengths (In2In3, In2Se2, In3Se3, 
In5Se3, In5Se2), inter-layer bond length (In4Se1) and the bond angle (In1In2In6) 
against shear strain (Fig. 3e). Plotting the In1-In2-In6 angle against shear strain is to 
clearly explain how In/Se layers slip with each other. The bond lengths of the In2In3 
and In5Se2 bonds change slightly during the shearing process. In addition, the 
In2Se2 and In5Se3 bond lengths remain nearly unchanged before the shear strain 
reaches 0.127. Then these bonds elongate with increasing strain, from 2.756 Å to 2.847 
Å and 2.693 Å to 2.704 Å, a stretching ratio of 3.3% and 0.41%, respectively. The 
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13
In3Se3 bond first changes slight from 2.853 Å to 2.863 Å, then diminishes to 2.771 Å 
with a variation of 3.2% after a significant structural change at the strain of 0.127. The 
bond changes show clearly that the In/Se pentagon framework structure retains its 
structural integrity within the whole shearing process because all the bonds hold 
together with slight changes. Nevertheless, the In4Se1 weak ionic bond length 
stretched remarkably from 3.202 Å to 3.664 Å in response to resist the shear 
deformation, leading to the short “yielding” stge. These bond deformations lead to a 
decrease in the In1In2In6 bond angle. The In1In2In6 angle decreases slowly at 
the same rate without sharp changes. At the beginning, the In1In2 and In2In6 bonds 
are perpendicular to each other. With the continuously increased shear strain, the 
In1In2In6 bond angle becomes 76.06° at which point the structure can no longer 
resist external loads. The stretched In4Se1 bond and the bent In1In2In6 bond angle 
lead to the structural slippage, accounting for the failure of In4Se3. 
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Figure 4. The structural changes of In4Se3 crystal along the (010)/<001> slip system 
under pure shear loads: (a) the initial atomic configuration, (b) the atomic configuration 
before stress relaxation, (c) the atomic configuration after structural rearrangement, (d) 
various bond lengths and bond angle as a function of shear strain.
Fig. 4a-4c shows the structural variation of the In4Se3 crystal under shearing along 
the (010)/<001> slip system while Fig. 4d shows the critical bond lengths and bond 
angles as a function of shear strain. The shear stress increases monotonically as the 
shear strain increases to 0.173, then it undergoes a sudden drop from 1.59 GPa to 0.92 
GPa, indicating a significant structural rearrangement. Below the shear strain of 0.173, 
corresponding to the maximum shear strength, the structure is slightly distorted to resist 
the deformation. As the strain increases to 0.184, the structure distorts further with the 
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15
In1In2In3 angle changing from 152.34° to 133.79° without In/In chains breakage. 
The bond lengths of In/Se pentagon framework (In2In3, In3Se2, In5Se2, In5Se1, 
In2Se1) and the weak ionic In4Se1 inter-layer bond remain almost unchanged except 
for a slight twist around the critical shear strain 0.173. This shows that the structure is 
twisted to accommodate the deformation (Fig. 4c and 4d). The In/In chains change to a 
more zigzag shape with a bent In1In2In3 bond angle, which leads to the structural 
weakening effects and released the shear stress. While the (-110)/<110> slip system 
also presents a sudden drop of stress, its failure differs from that of (010)/<001>. There 
is no apparent structural rearrangement and the softened In4Se2 bond dominates the 
structure failure, as presented in Supporting Information Figure S1.
Figure 5. The structural patterns of In4Se3 crystal along the (110)/<100> slip system: 
(a) the initial atomic configuration, (b) the atomic configuration before structural failure, 
(c) the failed structure, (d) various bond lengths as a function of the shear strain.
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We analyze the atomic configurations, bond lengths, and bond angles to 
understand the failure mechanism of (110)/<100> slip system plotted in Fig. 5, which 
corresponds to the largest shear strength among all slip systems. It is clear that the 
structure deforms uniformly to resist the external loads until the strain of 0.335 (Fig. 5a 
and Fig. 5b). With further shear strain increase to 0.349, the In4Se3 bond length 
sharply increases to disconnect the pentagon framework. The newly formed In4Se1 
bond and disconnected pentagon framework suggest the structure cannot remain its 
rigidity (Fig. 5c). The typical length of InSe bonds are relatively unchanged until the 
failure strain of 0.335. Upon further increase in the strain, the In3Se3 and In3Se4 
bond lengths change from 2.826 to 3.257 and 2.786 Å to 3.039 Å (Fig. 5d). This results 
in disconnecting the pentagon framework and failure of In4Se3. Except for the 
difference in fracture strain, the (100)/<010> slip system leads to almost the same shear-
stress-strain relationship as the (110)/<100> slip system. However, the tilted In5Se3 
bond and increased Se2In5Se3 bond angle dominant the failure which is different 
from the (110)/<100> slip system as shown in Supporting Information Figure S2. 
3.3.3 The role of a Se vacancy in the mechanical behavior of In4Se3. 
A Se vacancy can increase the carrier concentration to enhance the ZT value, but 
its role on mechanical behavior has not been explored. To study the effect of Se 
deficient on the mechanical properties of In4Se3, we chose In4Se2.75 and In4Se2.375 
crystals since the Se vacancy of these two models lead to excellent TE performance. 
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The formation energy calculation indicates that the Se3 site is most likely vacant.22 This 
is expected from crystal structure where Se3 atoms make less contribution in retaining 
structure rigidity. Thus, we considered only the Se3 atom vacancy in the following 
calculations. We constructed 1×4×4 supercells to randomly distribute the vacancies, as 
shown in Supporting Information Figure S3.
Figure 6. The structural changes for In4Se2.75 crystal along the (100)/<001> slip system 
under pure shear loads: (a) the shear stress-shear strain relationships for In4Se2.75, 
In4Se2.375, and In4Se3, (b) the atoms configuration corresponding to the maximum stress 
point, (c) the failed structure, (d) various bond lengths and bond angle as a function of 
shear strain. The front and back layers are distinguished by deep and light colors.
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Figure 6 shows the shear stress-strain response of In4Se2.75 and In4Se2.375 crystals 
is along the least stress slip system of In4Se3, (100)/<001>. The ideal strength of 
In4Se2.75 and In4Se2.375 decrease to 1.00 GPa and 1.08 GPa, respectively, much lower 
than the 1.25 GPa of ideal In4Se3. The slopes of the response curves decrease gradually 
with increasing Se deficiency, suggesting that the mechanical stability of In4Se3 
decreases with increasing the ratio of Se deficiency. This trend agrees well with the 
elastic modulus calculations, listed in Table 1. Fig. 6b-6c display the structural changes 
of In4Se2.75 showing no significant differences between the ideal and deficient crystals 
regarding the failure mode. As the strain increases to the failure strain, they all deform 
uniformly to resist the external deformation. Then, a relative slippage arises between 
the In/Se layers. Compared with the intact structure, the In4Se2.75 crystal is highly 
distorted around the neighbors to In4 atoms due to the absence of Se3 atoms, leading 
to large vacancies in the lattice that increasing the mobility of In atoms (a similar 
phenomenon for In4Se2.375 is presented in Supporting Information Figure S4). In 
addition, Fig. 6d illustrates the bond length changes to provide an understanding of the 
effect of Se deficiency on mechanical behavior. Obviously, the In2In3, In2Se2, 
In3Se3, In5Se3, In5Se2 bonds remain nearly stable for the whole period, showing 
the pentagonal frameworks remain nearly unchanged. The In4Se1 bonds stretch 
remarkably from 3.462 Å to 5.258 Å while the In1In2In6 bond angle bend to 77.02° 
from stain 0 to 0.102. That is, the softening of In4Se1 bond and In1In2In6 angle 
lead to the slippage between In/Se layers, hence the failure of In4Se2.75. 
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3.3.4 Simulation of nano-indentation in In4Se3. 
Figure 7. The structural patterns of In4Se3 crystal along (100)/<001> slip system under 
bi-lateral shear to mimic nano-indentation experiments: (a) the shear-stress-shear-strain 
relationship for bi-lateral shear compared with that of pure shear, (b) the atoms 
configuration before shearing, (c) the atomic configuration at the shear strain of 0.062, 
(d) the atomic configuration corresponding to the maximum stress point, (e) the 
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structure after failure, (f) various bond lengths and c lattice parameter as a function of 
the shear strain.
Nano-indentation technology can measure various mechanical properties at the 
nano-scale to characterize the mechanical behavior of a material. We simulate the nano-
indentation experiment by applying bi-shear loadings on the In4Se3 system. Figure 7 
provides insight into the ideal strength and failure mechanism of In4Se3 under bi-shear 
condition. Under bi-shear loads, the In4Se3 crystal displays an increased maximum 
shear stress (1.50 GPa) but a sudden destruction process (Fig. 7a). As the shear strain 
increases to 0.062, the distance between layer decreases leading to a significant 
compression as presented in Fig. 7b and Fig. 7c. As the shear strain increases further to 
0.094, the layers remain connected as a whole (Fig. 7d). After that, the structure can no 
longer retain its symmetry and destruct suddenly (Fig. 7e). Fig. 7e shows more detail 
information on how the length of In1Se1 reduces dramatically, confirming the layer 
distance decreases. Furthermore, the sudden decrease in the c lattice parameter 
illustrates that the compression plays a more important role in the structural failure than 
shearing. The failure mechanism of In4Se2.75 under bi-shear loads is different from that 
of the In4Se3 system. It is the breaking of In3Se3 and In5Se2 bonds which leads to 
the collapse of In/Se pentagon frameworks (Supporting Information Figure S5).
4. Conclusion
In this work, we used DFT to explore the ideal shear strength and failure 
mechanism of In4Se3 based TE materials under pure shear and bi-shear loads. The main 
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conclusions are:
 The (100)/<001> is the easiest slip system of In4Se3 under shear loads leading to 
an ideal shear strength of 1.25 GPa. Here the structural failure involves slippage of 
In/Se layers connected by weak Van der Waals interaction. 
 The (110)/<100> slip system has the largest strength of 2.35 GPa. 
 The Se deficiency reduces the mechanical properties of In4Se3. Compared with 
intact structure, the strength of the Se-deficient structure In4Se2.75 drops to 1.00 
GPa while the weak In/Se layers interaction dominate the structural softening and 
failure.
 Under bi-shear loads, the In4Se3 crystal displays an increased maximum shear 
stress (1.50 GPa); however, the sudden destruction process indicates that 
compression accelerates structural failure. The sudden decrease of c lattice 
parameter illustrates that compression plays an even more significant role in the 
failure of structure than shearing.
The ideal strength of In4Se3 is much lower than the other ionic and covalent TE 
materials, like Mg3Sb2 (1.95 GPa),30 BiCuSeO (2.0 GPa),31 PbTe (3.46 GPa),32 CoSb3 
(7.17 GPa),33 and TiNiSn (10.52 GPa).34 Thus, In4Se3 must be strengthened for 
commercial applications.
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